Insertion of biological nanopore into artificial membrane is of fundamental importance in nanotechnology. Many applications require control and knowledge of channel orientation. In this work, the insertion orientation of the bacteriophage SPP1 and phi29 DNA packaging motors into lipid membranes was investigated. Single molecule electrophysiological assays and Ni-NTA-nanogold binding assays revealed that both SPP1 and phi29 motor channels exhibited a one-way traffic property for TAT peptide translocation from N-to C-termini of the protein channels. SPP1 motor channels preferentially inserts into liposomes with their C-terminal wider region facing inward. Changing the hydrophobicity of the Nor C-termini of phi29 connector alters the insertion orientation, suggesting that the hydrophobicity and hydrophilicity of the termini of the protein channel governs the orientation of the insertion into lipid membrane. It is proposed that the specificity in motor channel orientation is a result of the hydrophilic/ hydrophobic interaction at the air/water interface when the protein channels are incorporating into liposome membranes.
Introduction
Inserting protein nanochannels into liposomes or planar lipid membranes can mimic cell membrane channels. Membraneembedded biological nanopores have a wide range of applications from disease-related biomarker detection [1, 2] , nucleic acid characterization [3e10], protein and peptide sensing [11, 12] , and so forth [13e17], by allowing target analytes to either pass though the channel or bind to specific probes on the pore. Due to asymmetry of channel structure and surface charge properties, those embedded channels display different behaviors as target molecules are transported across the lumen from different directions [18, 19] . Determining and eventually controlling the orientation of the protein channels in liposomes and planar membranes is thus significant for technological applications.
Bacteriophage SPP1 is a dsDNA bacterial virus that infects Bacillus subtilis. The central component of the DNA packaging motor is the head and tail connector that enables the viral genome to be packaged into procapsid during virus assembly [20e22] . The connector is composed of twelve copies of the protein subunit gp6 in virion [21] or thirteen copies in the recombinant complex assembled from the over-expressed gene product [23] . Based on the crystal structure [23, 24] , the SPP1 connector has an overall diameter of 16 nm and a height of 10.5 nm. The narrowest constriction of the internal channel is~3 nm (Fig. 1) . We have previously reengineered the connector at the C-terminal end to introduce a 6 Â His-tag, purified the connector, and inserted it in planar lipid bilayer to serve as a membrane-embedded nanopore [25] .
The well characterized bacterial virus phi29 motor channels were used as a control. The phi29 connector forms a dodecameric funnel shaped channel [26, 27] with an internal channel diameter of 6 nm at the wider end and 3.6 nm at the narrowest constriction. We have extensively investigated the membrane-embedded phi29 nanopore system [8, 28] for characterizing nucleic acids [8,18,29e34] , and for sensing of proteins [2] and chemicals [35] . The phi29 connector exhibits a one-way traffic property for dsDNA translocation from N-to C-terminus [18] . Here we report that the channel of the DNA packaging motor of bacteriophage SPP1 has a highly oriented direction after self-assembling into DPhPC liposome without any special treatment, as determined by its one-way traffic property for TAT peptide translocation and Ni-NTA-nanogold binding assay [18] .
Materials and methods

Materials
DPhPC (1,2-diphytanoyl-sn-glycerol-3-phosphocholine) phospholipid was purchased from Avanti Polar Lipids, Inc. Ni-NTAnanogold was purchased from Nanoprobes LLC. TAT peptide (CysTyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg) was obtained from GenScript, Inc. and used without further purification. All other reagents were purchased from Sigma or Fisher.
Cloning and purification of the SPP1 connector
The expression and purification of C-His SPP1 gp6 [25] and phi29 gp10 connector has been described previously [8, 28] .
2.3. Self-assembling of SPP1 connector into liposome C-his SPP1 (as well as C-His gp10 and N-His gp10) connector self-assembles into liposome during the dehydration-rehydration process as described previously [8, 28] . Briefly, chloroform was removed under vacuum from the DPhPC lipid suspension during dehydration step followed by rehydration in buffer containing 250 mM sucrose and purified connectors.
Insertion of the connector into planar lipid bilayer
The protocol for the incorporation of connectors into lipid bilayer have been described [8,18,28e30] . A planar DPhPC lipid bilayer was painted on a 200 mm aperture on a Teflon partition, isolating cis (1 M KCl; 5 mM HEPES, pH 7.9) and trans (0.15 M or 1 M KCl; 5 mM HEPES, pH 7.9) compartments containing conducting buffer. The liposomes were then added into the cis-compartment to fuse with planar lipid bilayer to insert the connector and form planar membrane-embedded nanopores (Fig. 1). 
Electrophysiological measurements
Typically, a potential of À50 mV or þ50 mV (all voltages refer to V m ) was applied across the connector by a pair of AgCl/Ag electrodes (Fig. 1 ) and a current passing through the connector was monitored. Driven by the bias voltage, premixed TAT peptide (positive charge with pI 12; MW: 1.6 kDa) was electrophoretically transported through the connector. While translocating, the peptide partially blocks the flow of ions through the connector, which was reflected by a transient current drop. The analog current signal was then amplified, filtered at 5 kHz, and digitized at 10 or 50 kHz by Axopatch 200B patch clamp and Axon 1440A (Axon Instruments, Inc.).
Ni-NTA-nanogold binding assay
Ni-NTA-nanogold binding assay was conducted as previously described [18] . Liposome was added into the cis-chamber with 1 M KCl buffer; Ni-NTA-nanogold (1.8 nm; 300 pM) was added into trans-chamber with 0.15 M KCl buffer to facilitate binding to Histag. Ni-NTA-nanogold was added after formation of lipid-bilayer. We further ensured that the lipid-bilayer was intact during the course of the experiments to avoid Ni-NTA-nanogold diffusion into the cis-chamber.
Data analysis
The data were recorded with pClamp 10.2 software (Axon Instruments, Inc.). The blockades were calculated with a home-built Matlab program and statistically analyzed with OriginPro 8.1 (OriginLab Corporation). The capture rate was derived by exponentially fitting the time interval between two adjacent events as described previously [36] .
Results
Characterization of TAT peptide one-way traffic through C-His SPP1 channels
We characterized the electrophysiological properties of the connector after membrane insertion using single channel conduction assays. Fig. 2A represents a typical current trace with C-His SPP1 connector insertion and subsequent TAT translocation. The insertion of C-His SPP1 connector results in a current jump of 120 pA or 2.4 nS under asymmetric (cis: 1 M KCl; trans: 0.15 M KCl) ionic strength. Under symmetric buffer conditions (1 M KCl buffer in both cis and trans chambers), the connector exhibits a conductance of 4.2 ± 0.5 nS (Fig. 2B) . In the absence of peptides, the current trace is quiescent and the connector does not show any gating (transient opening and closing of the channel) properties [29] under the experimental conditions used herein.
Under an applied voltage of À50 mV, TAT peptide is electrophoretically driven through the C-His SPP1 connector. Due to partial blocking of the channel, a transient drop in current is observed as each peptide translocates through the pore. Fig. 2A shows a typical current trace of TAT peptide translocation in presence of one and subsequently two C-His SPP1 connectors. The~80 pA spikes ( Fig. 2A , violet box insert) representing TAT peptide translocation events correspond to a current blockade of 58.7 ± 3.4% (Fig. 2C) . The current blockade % is calculated as [(I 0 -I b )/I 0 ] Â 100, where I 0 is the step size of one SPP1 channel insertion, and I b is the current observed during TAT peptide translocation, normalized to one SPP1 channel. Such translocation events are only observed under À50 mV but not at þ50 mV, as demonstrated by polarity switching, which indicates a one-way traffic property [18] for peptide translocation. A second channel inserted with the same orientation as evidenced by both the doubling of capture rate (Fig. 2D ) and the distinctive current signature of two TAT peptide translocating through the two pores simultaneously (red insert box). The frequency of those multi-level translocation events increased when more nanopores were present in the lipid membrane (Suppl. Fig. 1 ).
Identifying the orientation of C-His SPP1 self-assembly into liposome
To identify the direction of TAT peptide translocation and the orientation of C-His SPP1 connector in lipid, Ni-NTA-nanogold was added into trans-chamber (Fig. 3A) . If the C-terminal 6 Â His-tag of the connector is facing the trans-chamber, the electron donor groups on histidine imidazole rings will readily form coordinate bonds with the Ni-NTA complex on nanogold (K D of 390 nM) [37, 38] .
As shown in Fig. 3B , in the presence of a single SPP1 connector in the lipid membrane, positively charged TAT peptides translocate from the cis-to trans-chambers as demonstrated by transient current blockade events. Soon after, a permanent blockade event is observed due to the specific binding between the His-tag and Ni-NTA-nanogold, indicating that the connector is oriented with the C-terminal facing the trans-chamber (as illustrated in Fig. 3A ) [18] . As a control, without adding Ni-NTA-nanogold, the current trace does not show any permanent blockade events over an extended period of time (30 min) (Suppl. Fig. 2 ). The results demonstrate that C-His SPP1 connector exhibits a one-way traffic property for TAT peptide translocating from N-to C-termini of the connector, a direction of translocation same as the translocation of dsDNA through phi29 motor channel [18, 19] .
To determine the orientation preference of the C-His SPP1 connector in the lipid membrane, we investigated a total of 312 connectors by TAT translocation assay. 287 C-His SPP1 connectors show TAT translocation under À50 mV with their N-terminus facing the cis-chamber, while only 25 are oriented with C-terminal facing the cis-chamber (Fig. 3C ). Due to liposome fusion with the planar membrane, the C-His SPP1 terminal oriented outwards of the liposome faces the cis-chamber. Thus, the TAT translocation results demonstrate a highly oriented (~92%) self-assembly of C-His SPP1 connectors with the N termini outward of the liposomes.
Investigating the orientation of phi29 connector self-assembly into liposome
To investigate the mechanism for such orientation preference, the hydrophobicity and hydrophilicity of the N-and C-termini was under scrutiny with phi29 connector as control in this study. Accordingly, phi29 gp10 connector with 6 Â His-tag either at the Cor N-terminus, as developed previously [8, 39] was tested. Similar to C-His SPP1 connector, TAT peptide also shows a one-way traffic property in both C-His gp10 connector (Fig. 4A) and N-His gp10 connector (Suppl . Fig. 3A) . Ni-NTA-nanogold binding assay (Fig. 4BeC) reveal that C-His gp10 connector translocates TAT peptide from N-to C-terminus, as observed in C-His SPP1 connector. Statistical analysis of 158 C-His gp10 connectors reveals that 77% (121 out of 158) of C-His gp10 connectors orient with Nterminus facing the cis-chamber (Fig. 4D) and outward in the liposomes. However, when six highly charged His-tag was attached to the N-termini instead of the C-termini of phi29 connector to enhance the hydrophilicity the N-termini, the ratio of the outward N-termini was reduced, and there is no obvious orientation preference for N-His gp10 connector insertion (Fig. 4E) .
Discussion
C-His SPP1 connector had a highly preferred orientation when inserted in liposome with the N-terminal end facing outward of the liposomes during reconstitution and facing the cis-chamber after fusion into lipid bilayer. For comparison, C-His phi29 connectors display a weaker orientation preference, while N-His phi29 connectors has no obvious preference in the liposome.
To investigate the mechanism for such orientation preference, the hydrophobicity and hydrophilicity of the N-and C termini of the SPP1 and phi29 was investigated. Liposome formation is governed mainly by hydrophilic and hydrophobic interactions and lowering the interfacial energy of the lipid-air-water system. Histidine is a hydrophilic amino acid and the presence of 6 Â His-tag can modulate the relative hydrophilicity of the terminal ends of the connector. Our results indicate that the more hydrophilic C-terminal of both C-His SPP1 and C-His phi29 prefer to face inwards in the liposome architecture. Analysis of the cross section of the crystal structures of SPP1 connector (PDB: 2JES) [23, 24] (Fig. 5A ) and phi29 connector (PDB: 1FOU) [26, 27] (Fig. 5B) show the location of hydrophilic (red), hydrophobic (blue), and neutral (white) amino acids. For SPP1 connector, the C-terminal amino acids plus 72 hydrophilic histidine amino acids (6 Â His for each of the 12 subunits) results in significant hydrophilicity at the C-terminus, while the N-terminus is relatively more hydrophobic. For the native phi29 connector, the hydrophilic and hydrophobic groups at N-or C-termini are distributed more evenly, but the C-HIs phi29 connector with the addition of hexa-his-tag exhibits slightly higher hydrophilicity at the C-termini. However, when the hexa-his-tag was added into the N-termini instead of the C-termini, the ratio of the outward N-termini was reduced, and there is no obvious orientation preference. Considering that C-His phi29 has less orientation preference then C-His SPP1 and N-His phi29 has no obvious preference, it appears that whichever terminus is more hydrophilic will tend to face inwards in the liposome during assembly process.
A possible mechanism of the highly oriented self-assembly of the C-His SPP1 connector into liposome is shown in Fig. 5C . When the dehydrated lipid film is mixed with C-His SPP1 connector and rehydration buffer, and vortexed, the lipids and connectors arrange themselves with the hydrophobic lipid tails aligned with hydrophobic sections of the connector, and the hydrophilic lipid head groups aligned with the hydrophilic sections of the connector. Multilamellar lipid fragments form and some of them have connectors embedded in them. The lipid fragments tend to float at the air/water interface to reduce surface tension [40] . In this step, the relatively more hydrophobic N-terminus will face up to contact with air phase and hydrophilic C-terminus will immerse in water phase, to reduce the interfacial energy of the system. During the extrusion process, small unilamellar vesicles form with the more hydrophilic connector terminal facing the interior of the liposomes and more hydrophobic terminal facing outward of the liposomes. Upon fusion of the liposomes with a planar lipid bilayer, the more hydrophobic N-terminal will face towards the cis-chamber, as observed in our studies.
Our findings will facilitate an easy way to obtain liposomes with highly oriented C-His SPP1 connectors embedded in the membrane. Due to the longitudinal asymmetry of the channel, the liposome could possibly be employed as bioreactor or carriers for drug delivery and drug release in a directional manner. By infusing the liposome into planar lipid bilayer, the C-His SPP1 connector can be a highly oriented nanopore for a wide range of single molecule sensing applications.
Conclusions
C-His connector of SPP1 DNA packaging motor has a highly preferred orientation when self-assembling into liposomes, as proved by single-molecule electrophoresis assay and Ni-NTAnanogold binding assay. 92% of the C-His SPP1 connectors have their more hydrophilic C-termini facing inward of the liposomes. Changing the hydrophobicity of the N-or C-termini of phi29 connector alters the insertion orientation, suggesting that the hydrophobicity and hydrophilicity of the termini of the protein channel governs the orientation of the insertion into lipid membrane.
